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NOTE TO THE READER

This thesis consists o f an introductory chapter (Background), followed by three
chapters each covering a different aspect o f a single research project. These three
chapters are structured roughly as self-contained manuscripts, and thus may repeat some
background information contained elsewhere in the thesis. Because the Methods section
would be essentially identical for each chapter, it is not repeated in Chapters III and IV,
except for some supplementary methods relevant to that chapter.

ABSTRACT
Melatonin, a hormone secreted by the pineal gland, relays information about the
current day length (photoperiod) to various target tissues. The melatonin signal can be
used to predict the coming season, and thus the probable environmental conditions, in
order to initiate appropriate physiological and behavioral adjustments. Melatonin can
also regulate certain outputs o f the circadian pacemaker, including sleep and body
temperature. Despite decades o f research on the many putative functions o f melatonin,
their underlying neural basis remains poorly understood.
We chose to investigate the possible mechanisms by which melatonin affects core
body temperature ( T b ) . A number o f studies indicate a role for melatonin in seasonal and
circadian changes in Tb, including a decline in Tb in short photoperiods in rodents, and a
modest influence on the circadian temperature rhythm in humans. A plausible site for the
thermoregulatory action o f melatonin is the preoptic area and anterior hypothalamus
(PO/AH). According to a well-supported model of hypothalamic temperature control, a
substance can adjust the set-point o f Tb by differentially altering the firing rates of warmsensitive and temperature-insensitive neurons in the PO/AH. To test whether melatonin
can act upon the PO/AH in this manner, we performed in vitro electrophysiological
recordings during melatonin treatment, using a white-footed mouse (.Peromyscus
leucopus) tissue slice preparation.
A secondary hypothesis was that populations o f white-footed mice exhibit
individual variation in neuronal sensitivity to temperature and melatonin. Reproductive
responsiveness to photoperiod is highly variable in this species, but it is not known
whether photoresponsiveness generalizes to non-reproductive functions, such as
thermoregulation. To approach this question, we compared responses to melatonin and
temperature in mice from two lines selected for reproductive photoresponsiveness.
Our results provide the first evidence for a direct effect of melatonin on
thermoregulatory neurons in the hypothalamus, but more data are needed to confirm
whether responses to melatonin are correlated with neuronal thermosensitivity. Small
differences were found between photoresponsive and non-photoresponsive mice, but low
sample sizes limit the conclusions we can make from these data. Nevertheless, our
characterization and mapping o f melatonin- and temperature-sensitive neurons will
facilitate future research in this area.
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INTRODUCTION
The pineal hormone melatonin (N-acetyl-5-methoxytryptamine) functions as a
physiological signal o f night, conveying photic information received by the eyes to other
parts o f the brain and body (for reviews see Goldman, 2001; M organ et al., 1994,
Vanecek, 1998a). By way o f a complex multi-synaptic pathway (Moore, 1996;
Teclemariam-Mesbah et ah, 1999), the absence of retinal light input causes a sharp
increase in the production o f melatonin by the pineal gland. In mammals, melatonin
synthesis is regulated by the primary circadian oscillator located in the suprachiasmatic
nuclei (SCN) o f the hypothalamus. The nightly increase in melatonin secretion can
adjust other circadian rhythms (Pevet et al., 2002), and it is the main signal that triggers
seasonal changes in physiology and behavior in non-equatorial mammals (Prendergast et
al., 2 0 0 2 ).
In the temperate zone, environmental conditions such as temperature and food
availability vary greatly between summer and winter. The most reliable correlate of this
seasonal environmental change is the change in day length, or photoperiod, which is
mirrored by a change in the duration o f melatonin secretion (Bronson and Heideman,
1994). Thus, the melatonin signal allows animals to anticipate the coming season, and
the probable environmental conditions, in order to initiate appropriate physiological and
behavioral adjustments (Goldman, 2001). Most of these seasonal responses are likely
adaptive for surviving the harsh conditions of winter. They include changes in pelage,
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body weight, immune function, metabolic rate, thermoregulation, and reproduction
(Sullivan and Lynch, 1986; Shoemaker and Heideman, 2002; Nelson and Demas, 1997;
Saarela and Reiter, 1994; Andrews and Belknap, 1985, 1986; Wehr, 1997; Bartness and
Goldman, 1989).
A number o f studies in rodents reveal a decrease in core body temperature (Tb) in
short photoperiod, an effect that is likely mediated by melatonin (reviewed by Heldmaier
et ah, 1989). Deer mice (.Peromyscus maniculatus) have been shown to lower their Tb by
about 0.5°C in short winter photoperiods or when given melatonin implants (Andrews
and Belknap 1985, 1986, 1993). Both the deer mouse and the closely related white
footed mouse (.Peromyscus leucopus) can undergo spontaneous daily torpor —a decline in
Tb to below 3 1°C (Hudson, 1978) - that is dependent on ambient temperature, food
restriction, and photoperiod (Hulihan-Giblin et al., 1993; Andrews and Belknap, 1993;
Lynch et al., 1980). While torpor is rare in many populations of P. leucopus, the
frequency o f torpor bouts increases in short photoperiod and with melatonin treatment
(Lynch et al., 1978, 1980; Heath & Lynch, 1981).
Melatonin may also play a part in circadian adjustments of Tb. Mammals do not
maintain a constant body temperature, but show a circadian rhythm o f Tb that peaks
during the active phase (i.e., night in nocturnal animals; Refinetti and Menaker, 1992;
Refinetti, 1997). This rhythm, like melatonin secretion, is primarily driven by the central
clock in the SCN (Refinetti and Menaker, 1992; but see Satinoff and Prosser, 1988).
However, melatonin itself appears to adjust the amplitude of the Tb rhythm (Cagnacci et
al., 1997; Cagnacci, 1997), and may be responsible for much o f the nightly Tb decline in
humans (Cagnacci et al., 1992). Other studies have demonstrated mild hypothermic
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effects o f melatonin that are independent o f circadian rhythm, both in humans (Satoh and
Mishima, 2001; Strassman et al., 1991) and nonhuman vertebrates (for reviews see
Saarela and Reiter, 1994; Varghese and Pati, 1996; Myers, 1995). It has been
hypothesized that the hypothermic action o f melatonin is exerted at the level o f the
thermoregulatory control center in the preoptic area and anterior hypothalamus (PO/AH;
Saarela and Reiter, 1994; Andrews and Belknap, 1985; Heldmaier et al., 1989; Cagnacci
et al., 1997). This region integrates local and peripheral thermal information and controls
heat loss and heat production responses in order to maintain a thermoregulatory set-point
(Boulant, 1991).
The work described here is an investigation of the possible mechanisms
underlying the thermoregulatory effects of melatonin in P. leucopus, using a tissue slice
recording method. The primary hypothesis was that the hypothermic effect of melatonin
is due to a direct action on the firing rates o f inherently thermo sensitive and temperatureinsensitive neurons in the PO/AH. A well-supported model o f the hypothalamic control
o f body temperature (Hammel, 1965) implies that a shift o f the thermoregulatory setpoint can be accomplished by differentially altering the firing rates o f warm-sensitive and
temperature-insensitive neurons (Boulant, 1991). In accordance with this model, we
predicted that melatonin would increase the spontaneous firing rates of warm-sensitive
neurons and/or inhibit temperature-insensitive neurons, which would tend to lower the
set-point and result in hypothermia in the intact animal.
A secondary hypothesis was that individual variation in neuronal responses to
temperature and melatonin exists within populations of white-footed mice. Reproductive
responsiveness to photoperiod is known to be a highly variable trait in this species
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(Heideman and Bronson, 1991; Heideman et al., 19996), and it is possible that variation
in response to photoperiod generalizes to non-reproductive functions as well, including
thermoregulation. If so, and if seasonal changes in thermoregulation are partly due to the
effects o f melatonin on PO/AH neurons, then there should be differences between
individuals in the sensitivity o f thermoregulatory neurons to melatonin. To test this
hypothesis, we compared neuronal responses to melatonin in mice from two selected
lines —one which ceases breeding during short days (‘photoresponsive’) and one which
continues to breed regardless o f day length (‘non-photoresponsive’; Heideman et al.,
19996).
Apart from testing the above hypotheses, an important goal o f this study was
simply to describe the electrophysio logical responses to melatonin in the PO/AH, and to
determine whether certain nuclei contain a higher or lower concentration of melatoninsensitive neurons in this species. Several previous studies have attempted to identify the
specific hypothalamic locus o f m elatonin’s influence on the reproductive axis (e.g., Glass
and Knotts, 1987; Malpaux et al., 1998), but no one has recorded from hypothalamic
neurons (other than the SCN) during melatonin treatment. The characterization and
mapping o f melatonin responses in the PO/AH of P. leucopus might reveal candidate
sites o f action, or at the very least provide an anatomical guide for future studies.
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CHAPTER I: Background
1. Biological rhythms
We often think o f evolution as being shaped by the physical and spatial
characteristics o f the world, but the importance o f temporal oscillations in environmental
features cannot be overstated. It is unsurprising, therefore, that biological rhythms of
some kind - biochemical, physiological, or behavioral - have been found in nearly every
corner o f phylogeny (DeCoursey, 2004). The most common biological rhythms reflect
the daily periods o f light and darkness caused by the rotation of the earth around its axis.
These circadian (near-24h) rhythms are exemplified by the unfurling o f plant leaves to
maximize sun exposure, the timing o f eclosion and reproductive behavior in insects, and
the sleep-wake cycle in many vertebrates.
In mammals, circadian rhythms are under the control of the central nervous
system, specifically the paired suprachiasmatic nuclei (SCN) located in the anterior
hypothalamus (Turek, 1985; Gillette and Tischkau 1999, Herzog and Schwartz, 2002).
Neurons in the SCN exhibit an endogenous rhythm of spontaneous firing (Gillette et al.,
1995), driven by molecular feedback loops and the cyclic expression of certain “clock”
genes (for review see Okamura et al., 2002). This rhythm is normally under constant
entrainment by the light-dark cycle, as the SCN receives light information from the retina
by way o f the retinohypothalamic tract. However, SCN-dependent rhythms persist, or
free-run, even in constant darkness or in blinded animals (Vitaterna et al., 2 0 0 1 ).
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Outputs o f the suprachiasmatic pacemaker include rhythms of locomotor activity,
body temperature, and melatonin production. Whereas activity rhythms may be
controlled by a diffusible substance (LeSauter and Silver, 1998), temperature and
melatonin rhythms are likely to involve direct neural projections from the SCN (Moore
and Danchenko, 2002). These projections are relatively sparse and largely restricted to
other regions o f the hypothalamus, including the paraventricular nucleus (PVN),
subparaventricular zone (SPZ), dorsomedial hypothalamus (DMH), and medial preoptic
area (MPOA; Kalsbeek and Buijs, 2002). The projections to the MPOA (Moore and
Danchenko, 2002; Boulant, 1998) and/or SPZ (Lu et al., 2001) may be responsible for the
Tb rhythm, but the evidence is not conclusive. Indeed, there is strong evidence that the Tb
rhythm actually opposes the homeostatic set-point generated by the PO/AH (Refinetti,
1998). Lesions o f the PO/AH increase the amplitude o f the Tb rhythm (Osborne and
Refinetti, 1995; Satinoff et al., 1982), suggesting that the circadian control of Tb is held in
check by the homeostatic control superimposed upon it. This interaction has yet to be
adequately explored, and it is unclear whether melatonin acts on the circadian or
homeostatic systems to influence thermoregulation.
It is fairly well established that the rhythmic secretion o f melatonin results from
projections to the PVN (Moore and Danchenko, 2002; Kalsbeek and Buijs, 2002). Both
the endogenous rhythm o f melatonin production, and its acute inhibition by light, appear
to be mediated by GABAergic inputs from the SCN to the PVN (Kalsbeek and Buijs,
2002). Thus, the circadian clock in the SCN is employed - indeed required - for the
generation o f melatonin-dependent seasonal rhythms.

2. M elatonin biosynthesis and signal transduction
The pathway that controls melatonin production (reviewed by Moore, 1996;
Ganguly et al., 2002) begins with photoreceptors in the retina that transmit information to
the SCN by way o f the retinohypothalamic tract (RHT). This information is passed to the
paraventricular nucleus (PVN) o f the hypothalamus, then through the medial forebrain
bundle to the intermediolateral cell column of the spinal cord. From here, preganglionic
cells innervate sympathetic adrenergic neurons in the superior cervical ganglia, which
then project to the pineal gland (Fig. 1.1). These neurons release norepinephrine,
stimulating a - and (3-adrenergic receptors to cause an increase in cyclic AMP within the
pinealocytes. Higher intracellular cAMP leads to the induction o f arylalkylamine Nacetyltransferase (AANAT), the rate-limiting enzyme in melatonin synthesis (Klein et al.,
1997). Meanwhile, tryptophan is converted to 5-hydroxytryptophan by tryptophan
hydroxylase, then to serotonin (5-hydroxytryptamine; 5-HT) by 5-hydroxytryptophan
decarboxylase. AANAT converts serotonin into N-acetylserotonin (NAS), which is then
O-methylated by the constitutively active hydroxyindole-O-methyltransferase to form
m elatonin (N-acetyl-5-methoxytryptamine; Fig. 1.2; Ganguly et al., 2002).
A small and highly lipophilic molecule, melatonin diffuses freely out of the
pinealocytes and into circulation. Thus, once the hormone is synthesized, its
concentration in the bloodstream is controlled only by its metabolic breakdown in the
liver. The half-life o f circulating melatonin is on the order of several minutes (but varies
substantially between species; see for example Yeleswaram et al., 1997), as it is rapidly
6 -hydroxylated

and converted to (primarily) 6 -sulfatoxymelatonin for excretion (Vanecek

1998a; von Gall et al., 2002). The rapid synthesis and degradation o f melatonin ensures
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Figure 1.1 Multisynaptic pathway responsible for rhythmic melatonin secretion. RHT,
retinohypothalamic tract; OC, optic chiasm; SCN, suprachiasmatic nucleus; PVN, paraventricular
nucleus; MFB, medial forebrain bundle; IML, intermediolateral cell column; SCG, superior
cervical ganglia. Modified from Heideman, 2000.
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Figure 1.2 Biochemical pathway of melatonin synthesis. TPH, tryptophan hydroxylase; 5HW,
5-hydroxytryptophan; AANAT, arylalkylamine N-acetyltransferase; HIOMT, hydroxyindole-Omethyltransferase; PKC, protein kinase C; AR, adrenergic receptor; NE, norepinephrine; SCG,
superior cervical ganglion. Modified from Arendt, 1998.
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its integrity as a reliable signal o f the light-dark cycle. M elatonin can also easily cross
the blood-brain barrier, and its concentration in the cerebrospinal fluid usually mimics
that in the plasma (Vanecek, 1998a).
M elatonin exerts its physiological effects via specific, high-affmity G proteincoupled receptors (Reppert et al., 1994; von Gall et al., 2002; W itt-Enderby et al., 2003;
Vanecek, 1998a). There are two subtypes of the high-affinity melatonin receptor in
mammals, denoted MT1 and MT2. In their recombinant forms, and in the majority o f
native tissues tested, both subtypes are usually coupled to an inhibitory G protein that
reduces intracellular cAMP levels through inhibition o f adenylate cyclase. This
decreases the activity o f protein kinase A (PKA) and reduces phosphorylation o f the
transcription factor CREB, leading to a variety o f possible gene regulation and
transcription events. MT1 and MT2 receptors can also modulate M APK/JNK signaling
pathways (Chan et al., 2002) and inhibit induction of the immediate early gene products
c-fos and c-jun (Ross et al., 1996).
These gene regulation events may be responsible for the longer-term effects of
melatonin on various tissues. However, there are many other signal transduction
pathways through which melatonin could induce more rapid changes, as in neuronal
excitability and action potential generation. The PKA-cAMP system can directly modify
ion channel activity without the need for gene transcription, though this has not been
demonstrated with melatonin receptors (but see Vanecek, 19986). In addition, MT1 and
MT2 receptor subtypes can be coupled to a G protein that activates phospholipase C
(PLC), as determined using transfected Chinese hamster ovary (CHO) cells (MacKenzie
et al., 2 0 0 2 ). PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP 2), forming
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inositol 1,4,5-trisphosphate (IP 3) and diacylglycerol (DAG). IP3 then causes the release
o f intracellular calcium stores from the ER, while DAG activates protein kinase C (PKC)
and its subsequent phosphorylation cascade. Eligher intracellular Ca++ induced by IP 3 can
alter membrane potential and ion channel function, promote neurotransmitter release, or
act as a distinct second messenger in a number o f other signal transduction cascades
(Berridge and Bootman, 1996). PKC-dependent effects can include rapid activation of
K+ and Ca++ currents (Baxter et al., 1999), and maximal activation of PKC can be
achieved after only 1 min o f melatonin treatment (1 pM via microdrop; McArthur et al.,
1997; Hunt et al., 2001).
An even faster response (on the order o f 100 ms) could be elicited by direct
coupling o f MT1 receptors to certain potassium channels (Witt-Enderby et al., 2003).
Geary and colleagues (1997) reported that the vasoconstrictive effect o f melatonin on rat
cerebral arteries is a result o f the direct inhibition o f calcium-activated potassium
(BKCa++) channels (Geary et al., 1997). M elatonin can also act through G proteinactivated inwardly rectifying potassium (GIRK/Kir3) channels, as shown in Xenopus
oocytes (Nelson et al., 1996). Similar melatonin-induced K+ currents have been found in
rat cerebellar granule cells (Huan et al., 2001) and in the rat SCN (Jiang et al., 1995; van
den Top et al., 2001). These effects were demonstrated to be receptor-mediated, and one
study (van den Top et al., 2001) showed that the K+ current was independent o f cAMP
and PLC, further supporting a direct-coupling mechanism. These findings suggest that
melatonin receptors coupled to ion channels, or acting through PICA or PKC, can
generate very rapid neuronal responses.

3. Melatonin receptor location and regulation
One o f the biggest breakthroughs in the study of melatonin was the discovery of
the radioactive agonist, 2 -[ 125I]-iodomelatonin (I-MEL; for review see Morgan et al.,
1994). This allowed researchers to visualize high-affinity melatonin binding sites in a
variety o f tissues using in vitro autoradiography. Many I-MEL studies over the past 15
years have produced evidence for melatonin binding in several regions o f the central
nervous system, as well as outside the CNS (Morgan et al., 1994; Krause and
Dubocovich, 1990; Pang et al., 1997, 1998; Bubenik, 2002; Torres-Farfan et al., 2003).
The most highly conserved regions o f melatonin binding among mammals are the SCN
and the pars tuberalis (PT) o f the pituitary gland, possibly reflecting the ubiquitous role
o f melatonin in circadian adjustments and seasonal reproduction, respectively.
Nevertheless, binding sites in several species have been identified in a number of
hypothalamic areas, including the PO/AH (Morgan et al., 1994; Williams et al., 1995).
W hite-footed mice exhibit melatonin binding in the PO/AH and nearby portions of the
bed nucleus o f the stria terminalis (BNST), as well as in the PT, paraventricular nucleus
o f the thalamus (PVNt), DMH, and SCN (Weaver et al., 1990; Heideman et al., 1999a).
The rostral hypothalamus is considered a probable site for the action of melatonin
on reproductive and non-reproductive functions in white-footed mice (Heideman et al.,
1999a; Glass and Lynch, 1982). I-MEL binding in the MPOA and BNST was shown to
differ between selected lines o f reproductively photoresponsive and non-photoresponsive
mice (Heideman et al., 1999a). This suggests involvement o f the PO/AH in the action of
melatonin on reproduction, and also that this region is an important focus for studies of
variation in photoresponsiveness in this species. Earlier studies, before the advent o f I-
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MEL, revealed a pronounced antigonadal effect using small melatonin-beeswax pellets
locally implanted in various anterior hypothalamic nuclei (Glass and Lynch, 1982; Glass
and Knotts, 1987). Glass and Lynch (1982) also found evidence for thermoregulatory
and behavioral adjustments in their AH-implanted mice, specifically an increase in
interscapular brown adipose tissue (BAT) and increased nesting behavior.
It is important to consider not only the location of melatonin receptors, but also
when they are expressed and how they are regulated. Homologous regulation, that is the
regulation o f melatonin receptors by melatonin itself, occurs in numerous species and
experimental protocols (Morgan et al., 1994). Melatonin appears to down-regulate MT1
receptors in the PT and SCN o f rodents (Schuster et al., 2001; Gauer et al., 1993), and in
cultured ovine PT cells (Hazlerigg et al., 1993). Desensitization of melatonin receptors,
such as through G-protein uncoupling (Witt-Enderby et al., 2003), can also occur, but
typically requires exposure to melatonin for at least several hours (MacKenzie et al.,
2002; Ying et al., 1998; Witt-Enderby and Dubocovich, 1996).
Heterologous regulation includes circadian fluctuations in receptor density, either
through a direct photic influence (Masson-Pevet et al., 2000; Schuster et al., 2001) or
endogenous pacemaker activity (Neu and Niles, 1997; Brooks and Cassone, 1992;
Zisapel et al., 1998). In either case, melatonin receptor density increases during the
subjective day or with light exposure. Another example of heterologous regulation is the
effect o f circulating steroids on melatonin receptor expression (Morgan et al., 1994). For
instance, estrogen has been shown to down-regulate melatonin receptors in the rat ovary
(Clemens et al., 2001) and in cerebral and caudal arteries (Seltzer et al., 1992).
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4. Photoperiodism and Peromyscus spp.
Organisms in much o f the temperate zone are faced with profound environmental
changes over the course o f a solar year. Daytime temperatures can differ by as much as
30-40°C between summer and winter. As with circadian rhythms, animals have evolved
the ability to cope with both the physical (e.g., temperature) and biological aspects (e.g.,
food availability) o f the changing seasons. One would expect selection to favor
individuals that could predict seasonal change using environmental cues, and respond
appropriately. Because ambient temperature, precipitation, and other climatic features
can be highly variable from day to day, the most reliable proximate cue for detecting
seasonal transitions is the relative duration of daylight, or photoperiod, determined by the
tilt o f the earth’s axis.
Photoperiodic responses in mammals are primarily aimed at conserving energy
during the harsh winter months (Bronson and Heideman, 1994). The most common
seasonal adaptation, suppression of reproduction during winter, may seem maladaptive
until one considers the energetic demands o f pregnancy and lactation. A female mouse
must increase her food intake about 3-fold to successfully produce and feed a litter of
pups (Hammond and Diamond, 1992), increasing the risk of starvation and predation
during extended foraging. The metabolic and thermoregulatory costs imposed by cold
temperatures, especially for small mammals with a high surface area to volume ratio, are
enough to greatly increase mortality even when no reproductive attempts are made.
Seasonal reproduction, therefore, can be thought o f as a “lesser o f two evils” strategy: not
reproducing may decrease fitness, but attempting to do so at the wrong time and risking
death may reduce fitness to zero.
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The physiological basis o f seasonal reproduction has been the subject o f intense
study (for reviews see Goldman, 2001; Ebling and Cronin, 2000). Short days, and thus
long nights, result in a longer duration of nightly melatonin secretion, which in rodents
inhibits the pulsatile release o f gonadotropin-releasing hormone (GnRH). GnRH is the
master hormone of reproduction, stimulating the release of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) from the anterior pituitary. In short days, or with
experimental melatonin treatment, this decline in gonadotrophin secretion may cause
infertility through a reduction in gonad size, gametogenesis, and the frequency of
reproductive behaviors (Prendergast et al., 2002).
Since reproductive inhibition is essentially an energy-conserving strategy, one
would expect to find seasonal adaptations in other energetically demanding functions,
including thermoregulation. Photoperiod-dependent changes in thermoregulatory traits
have been documented in many species, including reptiles (Rismiller and Heldmaier,
1987), birds (Saarela and Heldmaier, 1987; Basco et al., 1996), primates (Aujard et al.,
1998), and rodents (Heldmaier et al., 1989). Among rodents, two species in the genus
Peromyscus have received much attention in this area of study: the white-footed mouse
(P. leucopus) and the deer mouse (P. maniculatus). Both are highly seasonal field mice
with a broad geographic range in North America; they are found as far south as the
Yucatan peninsula and as far north as the northern treeline in Alaska and Canada.
Andrews and Belknap (1985, 1986, 1993) conducted a series o f experiments in
deer mice revealing a decrease in Tb, with a corresponding decrease in metabolic rate, in
mice placed in short photoperiod. Average Tb was about 0.6 to 0.9°C lower in a
light:dark cycle o f 1Oh: 14h as compared with 14:10. Melatonin implants enhanced the
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effect, causing an average decrease of 0.3 to 0.6°C independent o f photoperiod (Andrews
and Belknap, 1986). The authors speculate that this seasonal acclimation in deer mice
involves melatonin acting on the thermoregulatory center in the hypothalamus (Andrews
and Belknap, 1985). Saarela and Reiter (1994) also suggest a direct action of melatonin
on the PO/AH. Specifically, they propose that melatonin conveys both seasonal and
energetic information, which is integrated by the PO/AH to adjust the Tb set-point. The
speculation regarding energetic information arises from the recent discovery o f melatonin
production in the gut that is dependent on food intake (Saarela and Reiter, 1994;
reviewed by Bubenik, 2002).
The phenomenon o f spontaneous daily torpor may also be related to the
hypothermic effect o f melatonin. Likened to a brief, mild form o f hibernation
(.Peromyscus are not true hibernators), torpor consists of a substantial decrease in core
temperature (6-20°C) and metabolic rate for a few hours, usually just preceding lights-on
(Hudson, 1978; Sullivan and Lynch, 1986). These physiological changes are associated
with pronounced sluggishness and lack o f response to stimuli. Studies of P. leucopus
vary with respect to the percent o f individuals that enter torpor, perhaps reflecting
differences among populations (i.e., northern versus southern populations). Nevertheless,
several reports provide evidence for increased torpor frequency during short days or with
melatonin treatment (Andrews and Belknap, 1993; Lynch et al., 1978, 1980; Heath and
Lynch, 1981), and pinealectomy reduces the incidence o f torpor (Lynch et al., 1980).
Little is known about the mechanism, or even the primary brain region(s),
involved in the regulation o f torpor in rodents. Several authors have suggested a central
action o f melatonin on the induction of torpor that may be localized to the PO/AH
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(Saarela and Reiter, 1994; Purvis and Duncan, 1997; Cagnacci et al., 1997). Melatonin is
unlikely to be the sole cause o f torpor, since most studies implicate more proximal
energetic cues like food restriction (Ruby and Zucker, 1992; Lovegrove et al., 2001).
However, a melatonin signal could be integrated with other metabolic signals (e.g.,
glucose, to which some PO/AH neurons are sensitive (Boulant and Silva, 1988)) to
induce an adaptive thermoregulatory response such as torpor.

5. Other thermoregulatory effects of melatonin
Evidence for a role o f the pineal in thermoregulation dates back to the first half of
the 20th century (reviewed by Ralph et al., 1979), even before the discovery of melatonin.
The primary finding was an elevation in body temperature in pinealectomized animals.
Arutyunyan and colleagues (1964) observed a rapid 2-3 °C decrease in Tb in melatonininjected mice, but the dose used (50 mg/kg) was much greater than physiological levels,
and the effect was not replicated in subsequent studies (Saarela and Reiter, 1994; Myers,
1995). Numerous reports have since shown effects o f melatonin administration on Tb in
mammals, birds, and reptiles (Heldmaier and Lynch, 1986; Varghese and Pati, 1996;
Myers, 1995; Badia et al., 1993). The results vary across species, but exogenous
melatonin treatment is most often associated with hypothermia or cold acclimation. A
notable exception is the laboratory rat, which tends to show an increase in Tb with
melatonin treatment (or a decrease in Tb after pinealectomy; Ralph et al., 1979; Varghese
and Pati, 1996). However, this may be a side effect mediated by the thyroid, rather than a
change in Tb set-point, as melatonin-induced hyperthermia was not seen in
thyroidectomized rats (Padmavathamma and Joshi, 1994).
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Many ectothermic vertebrates display altered thermoregulation in response to
short photoperiod or melatonin. Either treatment appears to lower the preferred
temperature o f reptiles kept on a thermal gradient (Rismiller and Heldmaier, 1987; also
see introduction in Lutterschmidt et al., 2002). Since ectotherms lack physiological
autonomic mechanisms for the fine control o f body temperature, this change in
behavioral thermoregulation is analogous to a decrease in the thermal set-point. Lizards
have a well-developed pineal complex, and like mammals and birds, the size and
complexity o f the gland tends to increase at higher, more thermally challenging latitudes
(Heldmaier and Lynch, 1986). This suggests that the role of pineal melatonin in seasonal
thermal acclimatization is evolutionarily conserved.
Humans show little in the way o f seasonal adaptations, but melatonin may be
important for the organization o f our circadian rhythms (Arendt, 2002), and can also
directly affect Tb (Cagnacci et al., 1997). Pharmacological doses o f melatonin in humans
are almost universally found to cause hypothermia (Myers, 1995), and the effect is often
dose-dependent (Satoh and Mishima, 2001). Studies by Cagnacci and colleagues have
investigated the complex interaction between melatonin and the circadian rhythm of Tb.
After blocking melatonin production with a p-adrenergic antagonist, the nighttime
decrease in Tb was blunted by about 40% (Cagnacci et al., 1992). The daytime rise in Tb
was similarly attenuated by oral administration of melatonin (2.5 mg). In addition to this
effect on the amplitude o f Tb, the phase o f the Tb rhythm may also depend on
photoperiod. The time o f peak Tb, and the relationship between the temperature rhythm
and sleep, varied seasonally in male subjects monitored for five consecutive seasons
(Honma et al., 1992).
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Given the large doses o f melatonin used in many human studies, one could argue
that the observed hypothermic effects are not caused by the physiological action o f the
hormone on the thermoregulatory centers in the hypothalamus. Indeed, some authors
have found no effect on Tb when using lower doses that are closer to physiological range
(0.1-1.0 mg; Dollins et al., 1994; McLellan et al., 1999). However, peripheral (oral)
administration o f these lower doses may not induce physiological levels o f melatonin in
the brain and cerebrospinal fluid, making an effect on PO/AH neurons less likely
(Cagnacci et al., 1997). Furthermore, Cagnacci and colleagues (1997) propose that the
consistent and reproducible hypothermic effect o f the hormone (0.3-0.4°C in their
paradigm) is suggestive o f a direct, physiological action on the PO/AH.

6. Central control of body temperature
The maintenance o f a near-constant body temperature regardless of ambient
temperature is a hallmark o f mammalian physiology. Temperature regulation is achieved
through the combined activity o f a diverse array of bodily systems and processes,
including the cardiovascular system, osmotic balance, metabolism, and behavior (Boulant
1991). These systems are under the control o f a hierarchy of neural structures, including
the spinal cord, brainstem, and hypothalamus. The hypothalamus, especially the PO/AH,
is at the top o f this hierarchy, and is responsible for preventing body temperature from
straying outside a very narrow range (Satinoff, 1978).
The vital role o f the PO/AH in thermoregulation has been confirmed by in vivo
experiments in which discrete areas of the CNS were lesioned or stimulated (Boulant,
1991). Thermal stimulation o f the PO/AH elicits autonomic and behavioral responses
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that attempt to counteract the perceived thermal challenge. For instance, preoptic
warming induces sweating, panting, and cutaneous vasodilation, while preoptic cooling
results in shivering and nonshivering thermogenesis (Boulant, 1991).
Efforts to describe the hypothalamic control o f body temperature have borrowed a
concept from engineering, that of a set-point temperature. The set-point, much like the
position on an electronic thermostat, is the temperature at which thermoregulatory
effector responses are inactive. If the temperature o f the PO/AH rises above the setpoint, heat loss responses are initiated to return body temperature to the set-point.
Conversely, if temperature falls below the set-point, heat production and retention
responses are initiated until the set-point is again reached. This scheme is an
oversimplification, but it was useful in the development o f a neuronal model of
thermoregulation originally proposed by Hammel (1965). The model describes four main
populations o f neurons in the PO/AH (Fig. 1.3). Warm-sensitive neurons (W) increase
their firing rates with local temperature, while temperature-insensitive neurons (I)
maintain a stable firing rate despite local temperature changes. Warm-sensitive neurons
are thought to provide inhibitory synaptic input to heat-production effector neurons (c),
and excitatory synaptic input to heat-loss effector neurons (w). Conversely, temperatureinsensitive neurons excite heat-production effector neurons and inhibit those that trigger
heat loss. This differential synaptic input to heat-loss and heat-production pathways
provides the basis for the thermoregulatory set-point. For example, if an animal
experiences warming o f the brain or periphery, warm-sensitive neurons will increase their
firing rates while temperature-insensitive neurons will maintain a stable firing rate.
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Figure 1.3 HammeFs (1965) model of hypothalamic temperature regulation. Warm-sensitive
neurons (W) synaptically inhibit heat-production effector neurons (c), and excite heat-loss
effector neurons (w). Temperature-insensitive neurons (I) stimulate heat-production and inhibit
heat-loss. Warm-sensitive neurons also receive afferent input from cutanous thermoreceptors.
The plots show firing rate (FR) as a function of temperature, with the intersection of the dotted
lines representing the point at which excitation and inhibition of effector neurons is equivalent
(i.e., at a set-point of 37°C). Modified from Boulant, 1991.

The result is that the heat-loss effector neurons will receive a net excitation, and heat-loss
responses will be initiated (Boulant, 1991, 2000).
In reality, neuronal thermosensitivity is not an all-or-nothing phenomenon, but
instead varies continuously. Thus, it is necessary to define a standard for classifying
neurons as thermosensitive or temperature-insensitive. Results from a number of in vivo
experiments (Boulant and Hardy, 1974; Boulant and Dean, 1986; Boulant and Bignall,
1973) established a functional criterion for warm-sensitivity. Neurons that displayed a
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change in spontaneous firing rate of > 0.8 impulses-°C l-s 1 in response to local (preoptic)
warming were also responsive to peripheral warming (Boulant and Hardy, 1974). The
activity o f neurons above this critical value was correlated with the initiation of
autonomic heat-loss mechanisms (Boulant and Dean, 1986). Lastly, recent work suggests
that warm-sensitive neurons defined by this criterion have a distinct pattern o f dendritic
morphology in comparison with temperature-insensitive neurons (Griffin et al., 2001).
These and other electrophysiological studies have provided experimental support
for HammeTs model (Boulant, 1991). By recording single-unit neuronal activity in the
PO/AH during changes in local temperature in both whole-animal and in vitro
preparations, investigators have found that about 30-40% of preoptic neurons are warmsensitive, and about 60% are temperature-insensitive. Less than 10% are cold sensitive,
showing a decrease in firing rate with increased temperature, but this is primarily due to
inhibitory synaptic input from warm-sensitive neurons. Thus, cold-sensitive neurons may
represent the heat-production effector neurons in HammePs model (Boulant, 1991). The
prediction o f the model that warm-sensitive neurons receive afferent input from
cutaneous thermoreceptors is also supported by experimental evidence. Warming o f the
skin while keeping hypothalamic temperature constant induces similar heat-loss
responses to those caused by preoptic warming (Boulant, 1991). Also, the correlation
between sensitivity to peripheral and local temperature (Boulant and Hardy, 1974;
Boulant, 2000) is consistent with the proposed afferent pathway from the skin to warmsensitive neurons in the PO/AH.
An important prediction of Ham m el’s model is the ability o f an endogenous or
exogenous substance to shift the set-point by acting on PO/AH neurons. If a substance

23
preferentially alters the firing rate o f warm-sensitive or temperature-insensitive neurons,
the set-point will be adjusted accordingly (Boulant, 1991). For example, prostaglandin
E 2 inhibits warm-sensitive neurons and excites temperature-insensitive neurons, thereby
driving up the set-point and causing fever (Ranels and Griffin, 2003). Similar
relationships have been studied with hormones, including sex steroids (Silva and Boulant,
1986). This feature o f hypothalamic temperature regulation is the basis o f the present
study. If melatonin provides a direct hormonal input to the central thermostat in the
PO/AH, its effect on neuronal firing rate should be correlated with thermosensitivity.

7. Experimental design and specific aims
To investigate the possible role of melatonin in the central control of body
temperature, we performed extracellular electrophysiological recordings in hypothalamic
tissue slices prepared from white-footed mice. This method allows the preservation of
spontaneous neuronal activity in vitro, while the experimenter is able to change local
conditions such as temperature and exposure to dissolved chemicals in the perfusion
medium. The procedure consisted o f isolating single neurons, classifying them based on
their inherent thermosensitivity, then treating the slice with melatonin and observing any
changes in firing rate.
To test for variation in melatonin responses within white-footed mice, we used
two different lines o f mice that have been selected for their reproductive responsiveness
to short photoperiod (Heideman, 1999b). From both lines, we used mice that were held
in short photoperiod (L:D 8:16) and long photoperiod (L:D 16:8). Thus, the study was a
2 x2

design (two lines and two photoperiods).
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Specific Aim 1 (Chapter II): Broadly characterize neural responses to melatonin
throughout the PO/AH in this species, and produce an anatomical map of melatonin- and
temperature-sensitive PO/AH neurons.

Specific Aim 2 (Chapter III): Determine the responses o f warm-sensitive and
temperature-insensitive PO/AH neurons to melatonin in white-footed mice.
Hypothesis: M elatonin exerts a hypothermic effect at the level of the PO/AH,
thus modulating the circadian rhythm o f body temperature as well as providing a
mechanism for a seasonal change in thermoregulatory functions.
Prediction: If melatonin acts to lower the thermal set-point, the firing rate of
warm-sensitive neurons will increase and/or the firing rate o f temperature-insensitive
neurons will decrease in response to melatonin.

Specific Aim 3 (Chapter IV): Test whether selected lines o f white-footed mice, known
to differ genetically in their reproductive response to photoperiod, also differ in their
neuronal responses to temperature and melatonin.
Hypothesis: Variation in neuronal responses to melatonin exists in white-footed
mice from this population, and is correlated with reproductive responsiveness to short
photoperiod.
Prediction: Mice from the responsive (R) and nonresponsive (NR) lines will differ
in the proportion o f neurons that respond to melatonin, or in the relationship between
neuronal thermosensitivity and melatonin response. Specifically, the trend predicted in
Specific Aim 2 should be nonexistent or weaker in NR mice compared to R mice.
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CHAPTER II
D istrib u tio n and characteristics o f neuronal responses to m elatonin
in P ero m yscu s leucopus preoptic area and anterior hypothalam us
Abstract
Photoperiod is the primary environmental cue by which mammals induce seasonal
adaptations in physiological and behavioral traits.

In rodents, these changes include

reproductive inhibition as well as metabolic and thermoregulatory adjustments. Research
over several decades has established that photoperiodic responses depend on the secretion
of pineal melatonin, but the mechanisms and sites of action for this hormone are not well
understood. One plausible candidate site is the preoptic area and anterior hypothalamus
(PO/AH), a region that contains melatonin receptors in many species and is involved in
the control o f body temperature and reproduction.

To characterize the responses of

PO/AH neurons to melatonin, we recorded extracellular single-unit activity in a tissue
slice preparation from the white-footed mouse {Peromyscus leucopus), a species that
shows robust seasonal reproductive and thermoregulatory responses that are mediated by
melatonin. Recording sites were located in one of four PO/AH sub-regions: the medial
preoptic area (MPOA), ventromedial preoptic area (VMPO), anterior hypothalamic area
(AHA), and portions o f the bed nucleus of the stria terminalis (BNST) and
striohypothalamic nucleus (StHy). O f 96 neurons, 35 (36%) showed a significant change
in firing rate during perfusion o f tissue slices with 1 pM melatonin.

Responses were

equally divided between excitation and inhibition, and there was no clear pattern in the
spatial distribution o f melatonin-sensitive neurons within the PO/AH.

Overall, our

results suggest that melatonin may act upon a number o f different local hypothalamic
circuits to achieve its diverse physiological effects.

Further studies are needed to

determine the functional significance o f the observed neurophysiological responses.
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Introduction
M elatonin (N-acetyl-5-methoxytryptamine), the primary hormone of the
vertebrate pineal gland, is involved in the regulation of several body systems that exhibit
circadian and seasonal variation. Production of melatonin occurs strictly during the dark
phase o f the light-dark cycle, and is acutely inhibited by light exposure (Goldman, 2001;
Vanecek, 1998a). This allows it to serve as an endocrine signal of day length, or
photoperiod, which can be used to generate seasonal rhythms in physiological or
behavioral traits (Prendergast et al., 2002). The best known o f these rhythms is seasonal
reproduction, for which the essential role o f melatonin is well documented. Many
temperate zone mammals adjust the timing o f their reproductive development to coincide
with favorable environmental conditions, and changes in photoperiod are the most
reliable predictor o f seasonal environmental change (Bronson and Heideman, 1994).
Shorter days during winter result in a longer duration o f nightly melatonin secretion, and
summer-breeding mammals respond to this signal by inhibiting their reproductive system
(Goldman and Nelson, 1993; Ebling and Cronin, 2000).
The final common pathway for reproductive inhibition is the gonadotropinreleasing hormone (GnRH) neuronal system. Pulsatile release o f GnRH causes the
secretion o f luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the
anterior pituitary, which in turn regulate gametogenesis and sex steroid production.
GnRH is produced and secreted by a small population of neurons whose cell bodies are
scattered diffusely throughout the basal forebrain (Ebling and Cronin, 2000). Specific
locations o f GnRH perikarya vary between species, but in rodents they include regions of
the anterior hypothalamus, preoptic area, organum vasculosum o f the lamina terminalis
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(OVLT), diagonal band o f Broca, and septum (Naik, 1975; Zimmerman, 1977; Silverman
et al., 1994; Glass, 1986). GnRH neurons may directly respond to reproductive steroids
(Kelly et al., 2002) or other hormones (including melatonin; Roy and Belsham, 2001),
but are primarily regulated by an extensive array of neural inputs from hypothalamic and
brainstem sites (Tillet et al., 1993; Pau and Spies, 1997; Malpaux et al., 1999). Thus, the
inhibitory action o f short days on GnRH release is likely mediated by neuronal responses
to melatonin, but the locations and mechanisms involved are unknown.
One plausible candidate site o f action is the preoptic area and anterior
hypothalamus (PO/AH). Melatonin receptors are found in the PO/AH in several rodent
species (Morgan et al., 1994; Williams et al., 1995; Heideman et al., 1999a), and
melatonin implants in this region cause reproductive inhibition in white-footed mice
(Glass and Lynch, 1982; Glass and Knotts, 1987). In fact, at least one anatomical study
has identified projections from portions o f the preoptic area to GnRH neurons (Le et al.,
1999). Moreover, variation in melatonin receptor density and/or affinity in parts of the
PO/AH is correlated with genetic variation in reproductive responsiveness to short
photoperiod (Heideman et al., 1999a). This indicates that at least a portion o f the
seasonal reproductive response involves melatonin binding in this region.
The PO/AH is o f particular interest because it is a major site for the control of
body temperature

(T b ),

which is also influenced by melatonin. Short photoperiod and/or

melatonin treatment decreases mean Tb in some rodents (Heldmaier et al., 1989; Andrews
and Belknap, 1986), as well as increasing the frequency o f spontaneous torpor
(Heldmaier et al., 1989; Lynch et al., 1978, 1980). Melatonin may have more immediate
effects on Tb in humans (Cagnacci et al., 1992, 1997; Satoh and Mishima, 2001;
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Strassman et al., 1991), and it is speculated that these adjustments occur at the level of
the PO/AH. Circuits in the PO/AH control the set-point o f Tb by integrating information
from local and peripheral thermoreceptors, as well as from endocrine and paracrine
signals (Boulant, 1998). Therefore, modulation of neural activity in the PO/AH by
melatonin could contribute to the seasonal and circadian variation in Tb (Saarela and
Reiter, 1994).
Given the importance o f the PO/AH in thermoregulation and reproductive control,
and the presence o f melatonin receptors in this region, we aimed to characterize the firing
rate responses o f PO/AH neurons to melatonin using an in vitro tissue slice preparation.
A few previous studies have recorded from single neurons during melatonin treatment,
but only in the suprachiasmatic nucleus (SCN; Yu et al., 1993; Gillette et al., 1995),
hippocampus (Hogan et al., 2001), cortex (Stankov et al., 1992; Reuss and Kiefer, 1989)
and striatum (Castillo-Romero et al., 1992). As a model, we chose the white-footed
mouse {Peromyscus leucopus), a field mouse from a genus commonly used in studies of
seasonal reproduction (Glass and Lynch, 1982; Bronson and Heideman, 1994) and
thermoregulation (Lynch et al., 1978, 1980; Andrews and Belknap, 1985, 1986).

Methods
Animals
Study animals were 64 adult female P. leucopus, aged 72-146 d, from a breeding
colony originally derived from a wild population in Williamsburg, VA (Heideman et al.,
1999b). Mice were weaned at age 22 ± 1 d to individual polyethylene cages (27 x 16 x
13 cm) with wire tops and 3 cm pine shavings. Food (LM-485, Harlan Teklad, Madison,
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WI) and tap water were provided ad lib, and temperature was kept at 23 ± 3°C. At age
70 ± 11 d, the ovaries were removed under deep isoflurane anesthesia, in order to control
for the effects o f circulating sex steroids on the density of melatonin receptors (Morgan et
al., 1994; Clemens et al., 2001; Seltzer et ah, 1992). Animals were allowed at least 5 d to
recover from surgery before experiments. Ovariectomy and all other procedures were
approved by the Animal Care and Use Committee of the College of William and Mary.

Photoperiod and circadian timing o f experiments
Several reports indicate an increase in melatonin binding following pinealectomy
or when animals are kept in short photoperiod (i.e., an inverse relationship between
melatonin exposure and receptor density) (Gauer et al., 1993; Recio et al., 1996;
Dardente et al., 2003). To test whether photoperiod alters the sensitivity of PO/AH
neurons to melatonin, approximately half o f the mice were transferred within 2 d o f birth
to a short day photoperiod (L8.D16; lights on at 0800 h; SD), while the other half
remained in a long day photoperiod (L16:D8; lights on at 0400 h; LD).
Either due to homologous regulation or other mechanisms, circadian variation in
melatonin receptor expression has also been reported (Masson-Pevet et al., 2000;
Schuster et al., 2001; Brooks and Cassone, 1992; Zisapel et al., 1998). To minimize the
effect o f this variation on our results, all animals were sacrificed within 1 h of the onset
o f the dark phase (1500-1600 h for SD mice; 1900-2000 h for LD mice). This also
ensured that the experimental melatonin treatment occurred during the subjective night,
when melatonin secretion would have been high in the intact animal.
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Brain slice preparation
Prior to each recording session, a single mouse was anesthetized with isoflurane
and rapidly decapitated. The brain was quickly removed and 2-3 coronal tissue slices
(400 pm thick) containing the PO/AH were sectioned with a vibratome. Slices were
transferred to an interface recording chamber (Kelso et al., 1983) and allowed to
equilibrate for at least 90 min. The chamber was continuously perfused (1.5 ml/min)
with artificial cerebrospinal fluid (aCSF) containing (in mM) 5 KC1, 124 NaCl, 1.3
M gS 0 4 , 25 NaHCO, 1.24 KH 2PO 4, 10 glucose, and 2.4 C aC f. The aCSF was saturated
with 95% 0 2 -5 % CO 2 , and heated to 36°C by a Peltier thermoelectric assembly.

Recordings
Extracellular single-unit recordings were made using glass microelectrodes with
tip diameters less than 1 pm, and filled with 3M NaCl. Recordings of spontaneous
activity were amplified (FHC Xcell-3), displayed on a personal computer with AxoScope
software (Axon Instruments, Inc.) and digitally stored on VHS tape for later analysis.
The temperature o f the perfusion medium was monitored via a small thermocouple
positioned ju st below the slices. Using a stereomicroscope, the electrode was visually
placed within the PO/AH, as delimited rostrally by the OVLT, dorsally by the fornix or
anterior commissure, and caudally by the separation o f the optic tracts. Recording
locations were arbitrarily selected within this region, although care was taken to avoid the
SCN, paraventricular nucleus (PVN), arcuate nucleus, and diagonal band o f Broca.
Once a neuron with a stable firing rate was isolated (signaknoise > 3 :1 ), the
temperature o f the medium was varied 2-3 °C above and below the baseline o f 36°C
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(rate = 1°C/min) to determine neuronal thermosensitivity. This thermal classification
was part o f another study investigating interactions between neural responses to
temperature and melatonin (Chapter III). After temperature and firing rate returned to
baseline, the perfusate was switched to aCSF containing 1 pM melatonin. Melatonin was
initially dissolved to 20 mM in 100% ethanol, then diluted to 1 pM in aCSF. The final
concentration o f ethanol reaching the tissue was 0.005%, below the levels that may affect
spontaneous firing rate in tissue slices (Podda et al., 2003; Hunt et al., 2001).
Melatonin perfusion was stopped if a change in firing rate (impulses-s_l) of
greater than 15% occurred and persisted for more than 2 min, or after 10-15 min with no
response. Exposure to melatonin was then followed by a washout period (perfusion with
normal aCSF) o f at least 10 min. In the event of a significant change in firing rate
(>15%), the washout period was extended until the firing rate returned to near-baseline
levels, or for up to 1 h if firing rate failed to return to baseline.

Histological processing and neuronal location
Following each recording session, the location o f the electrode was visually
confirmed and marked on a slice map derived from an atlas o f the rat brain (Paxinos and
Watson, 1998). Tissue slices were fixed in 10% formalin for at least 3 h, then in 30%
formalin-sucrose for at least 1 h. Slices were then re-sectioned to 50 pm, mounted on
gelatin-coated slides, and processed with the Giemsa stain to label cell bodies. This
allowed the identification o f well-defined cell groups with a light microscope, providing
landmarks with which to compare the visually confirmed electrode location. Assignment
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o f neuronal location was verified by examining the 50 jam stained section corresponding
to the depth o f the electrode tip (noted during each experiment).
Cell location was defined using a rat brain atlas for convenience only. The sole
available Peromyscus atlas (Eleftheriou and Zolovick, 1965) does not define sub-regions
within the PO/AH, and no homology o f nuclear groups is assumed.

Data analysis
For each neuron, firing rate was sampled at 1 Hz over three 1-min segments:
immediately before melatonin treatment (‘Baseline’), during the peak o f a response to
melatonin (‘M el’), and at the end o f the washout period (‘W ashout’). A response was
deemed significant only if the change in mean firing rate (impulses-s_l) between Baseline
and Mel segments was at least 15%, and was significant at P < 0.05 (Student’s Mest).
Response amplitude was quantified as the percent change in firing rate ((Baseline - Mel) /
Baseline x 100). Data during washout was used only as a qualitative assessment of
whether the firing rate returned to near-baseline levels. Percentages of melatoninsensitive neurons in the two photoperiod groups, and between anatomical regions, were
compared with a two-tailed Fisher’s Exact test. Statistical tests were performed using
SPSS and SigmaPlot (SPSS, Inc.) or InStat (GraphPad, Inc.) software.

Results
Responses to melatonin
Figure II. 1 (a-d) shows the firing rate data for 4 representative neurons, and the
responses o f all neurons are summarized in Table II. 1. Firing rate changes could be
modest (a), or more dramatic (b & c); the neuron in (d) did not respond to melatonin.
Response latencies ranged from about 2 min (a & c) to as long as 12-14 min (b). Firing
rates during washout typically did not return completely to baseline (a & b), but 60% of
melatonin-sensitive neurons showed at least partial recovery after melatonin was washed
out o f the perfusion bath.
Consistent with previous reports, LD animals had a greater percentage of
melatonin-sensitive neurons (42%) than SD animals (31%; Table II.2). However, this
difference was not significant (P = 0.40). Compared with SD animals, LD mice had a
greater percentage o f neurons that decreased firing rate with melatonin treatment, but this
result was also nonsignificant (P = 0.19).

Table II.l. Effects of melatonin on the firing rates of PO/AH neurons.
~
^ .
Responses to melatonin
r
Decrease in
Increase in
firing rate
firing rate

N

No response
to melatonin

All areas

96

61 (64%)

17(18% )

MPOA
VMPO
AHA
BNST/StHy

44
14
21
17

31 (70%)
8 (57%)
12 (57%)
10 (59%)

6(14%)
5 (36%)
4(19%)
2(12%)

Percent change in
~
^
tiring rate
Mean*

Range

18(19% )

95.0

-90 - 589

7(16%)
1 (7%)
5 (24%)
5 (29%)

116.2
148.9
62.8
50.8

-90 - 589
-28 - 387
-79- 129
-64-61

*Mean of absolute values, including significant responses only
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F igu re II. 1, a-d. Firing rate traces for 4 representative neurons. Treatment bars and

dashed lines indicate time o f melatonin treatment. Bar graphs for each neuron show
mean firing rate (± SEM) during one minute segments before (Baseline), during (Mel),
and after (Washout) melatonin treatment. ** = firing rate during Mel was significantly
different from Baseline (P < 0.0001).
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Table II.2. Effects of melatonin in short-day and long-day animals.

Photoperiod

______ Responses to melatonin_____
No response to
Increase in
Decrease in
N______melatonin_________ firing rate______ Firing rate

S D

48

33

(6 9 % )

9 (1 9 % )

6 (1 3 % )

L D

48

2 8 (5 8 % )

8 (1 7 % )

1 2 (2 5 % )

Fisher’s Exact test: P = 0.40

Neuron location and melatonin responses
Figure II.2 shows the anatomical distribution of recording sites. Colored symbols
represent a significant response to melatonin, while black symbols represent no response
(shapes denote neuronal thermosensitivity, as detailed in Chapter III). For descriptive
purposes (see Methods), map locations were visually assigned to one o f 4 sub-regions
within the PO/AH (Table II. 1): the medial preotic area (MPOA), ventromedial preoptic
area (VMPO), anterior hypothalamic area (AHA), and within or near the
medial/posterolateral bed nucleus o f the stria terminalis (BNST), including the
striohypothalamic nucleus (StHy). Again, these designations are for spatial reference
only, and may not represent well-defined nuclei in this species.
Responses in the VMPO and BNST/StHy, unlike the other two areas, were not
balanced between firing rate increases and decreases (Table II. 1), but sample sizes are too
small to consider this a significant effect. The MPOA contained fewer melatoninsensitive neurons (30%) than other regions (42%), but this too failed to reach statistical
significance (P = 0.21). The mean and range o f response amplitudes (percent change
values) in the M POA and VMPO were greater than in the AHA and BNST/StHy, but a
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Figure II.2 Map of recording sites in coronal hypothalamic sections from P. leucopus (see
legend). Sections are numbered in order from anterior to posterior, and all neurons are
represented on the right side for display purposes. Slice maps were taken from a rat brain atlas
(Paxinos and Watson, 1998; see Methods), ac, anterior commissure; AHA, anterior hypothalamic
area; BNST, bed nuc. stria terminalis; f, fornix; MPOA, medial preoptic area; ox, optic chiasm;
SCN, suprachiasmatic nuc.; StHy, striohypothalamic nuc.; VMPO, ventromedial preoptic area.
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Kolmogorov-Smirnov test (non-parametric, no distribution assumptions) revealed that the
distributions were not significantly different (P = 0.29). Lastly, there appears to be a
cluster o f melatonin-sensitive neurons in the StHy and dorsal MPOA in slice #4 (Fig.
II.2), but this pattern does not hold for slice #3. Apart from these minor differences, no
systematic pattern was apparent in the spatial distribution o f responsive neurons, and no
single nucleus or region stands out as being particularly sensitive to melatonin.

Circadian effects
Because o f the potential for circadian variation in melatonin receptor levels, one
m ight expect the likelihood or amplitude o f responses to vary with the circadian time o f
melatonin treatment. These comparisons are shown in Figures II.3 and II.4. Here,
circadian time (CT) is defined as the time after lights-on (and thus represents different
clock times for the two photoperiod groups). Previous studies have reported a peak in
melatonin binding toward the end o f the light phase (CT 10-13; Brooks and Cassone,
1992; Zisapel et al., 1998). Surprisingly, we found no such trend in either the percent
change in firing rate (Fig. II. 3) or the frequency of melatonin-sensitive neurons (Fig.
II.4). A similar qualitative analysis using clock time instead o f CT also failed to reveal
an overt effect (not shown).
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Discussion
The present study is the first to investigate the effects o f melatonin on neural
firing in the PO/AH. Thirty-six percent of our sample showed a significant response to
treatment with 1 pM melatonin, with roughly equal numbers o f increases and decreases
in firing rate. Responsive neurons were located throughout the PO/AH, showing no
strong clustering in any particular sub-region. Neither the likelihood nor the average
amplitude o f responses to melatonin varied as predicted by the reported peak in
melatonin binding in late afternoon or early evening (Brooks and Cassone, 1992; Zisapel
et al., 1998).
Melatonin is known to influence a number o f vital systems, including
reproduction, thermoregulation, and sleep. The hypothalamus is prominently involved in
the control o f these functions, yet the specific sites of melatonin action are poorly
understood. Early studies using melatonin-beeswax implants established the PO/AH including the MPOA, AHA, SCN, and retrochiasmatic area - as a candidate site for the
reproductive effects o f the hormone (Glass and Lynch, 1982; Glass and Knotts, 1987).
More recently, Heideman and colleagues (1999a) used autoradiography to look for
differences in melatonin binding between lines o f white-footed mice that vary genetically
in their reproductive responsiveness to photoperiod. They found that melatonin binding
in the two lines differed by nearly a factor o f two, and that the difference was restricted to
the MPOA and portions o f the BNST. These regions overlap with the implant locations
reported by Glass and Lynch (1982), as well as the areas tested in the present study.
Thus, the neurophysiological responses to melatonin reported here might trigger the

gonadal regression observed in intact animals, but more detailed anatomical and
physiological experiments are needed to resolve this issue.
The PO/AH is also well known as a primary center for the control o f body
temperature (Tb). Accepted models o f set-point temperature regulation predict that
changes in PO/AH neuronal activity can produce autonomic and behavioral responses
leading to a shift in Tb (Boulant 1998, 2000). Such a shift could underlie the
photoperiod- and melatonin-induced changes in Tb, as seen in deer mice (Andrews and
Belknap, 1986) and Djungarian hamsters (Heldmaier et al., 1989). Melatonin-induced
shifts in the Tb set point may also occur in humans (Cagnacci et al., 1992, 1997), as
blocking melatonin with a (3-adrenergic antagonist reduced the nightly decline in Tb by
40%. Several other studies report a hypothermic effect o f oral melatonin administration
(Myers, 1995; Satoh and Mishima, 2001), but the doses used in these studies were
typically much higher than physiological levels. Whether the effects o f melatonin on Tb
result from a direct action on the central thermostat in the PO/AH remains open for
debate; the fact that a substantial portion of neurons in our sample responded vigorously
to melatonin leads to a number o f testable hypotheses that address this question at the
single-neuron level.
A somewhat surprising result from our study is the lack o f a localized response to
melatonin. Differences between sub-regions may have been obscured by low sample
sizes, or by the fact that we did not sample all areas equally or systematically.
Alternatively, it could be that melatonin-sensitive neurons are not clustered into
anatomical groups, but instead are distributed diffusely across the PO/AH. It is
interesting to note that such a spatial distribution is qualitatively similar to that o f GnRH
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neurons (Ebling and Cronin, 2000) and o f temperature-sensitive neurons thought to be
involved in thermoregulation (Dean and Boulant, 1989). Elucidating the connections
between melatonin-sensitive neurons and these downstream effector networks remains an
important area for future study.
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CHAPTER III
In vitro neuronal responses to melatonin in the preoptic area and anterior

hypothalamus: Correlation with neuronal thermosensitivity?

Abstract
A number o f seasonal and circadian physiological adjustments in mammals are triggered
by the light-sensitive hormone melatonin. In addition to its well known role in seasonal
reproduction, melatonin may be involved in the seasonal regulation o f body temperature
in rodents, as well as in modulating the circadian body temperature rhythm.

We

hypothesized that melatonin exerts its thermoregulatory effects by acting directly on the
thermal control center located in the preoptic area and anterior hypothalamus (PO/AH).
Specifically, the reported hypothermic effects o f the hormone could be initiated by
preferentially increasing the firing rates o f warm sensitive neurons, and/or by inhibiting
temperature insensitive neurons.

To test this hypothesis, we recorded single units in

PO/AH tissue slices from white-footed mice (Peromyscus leucopus). Based on the slope
o f firing rate as a function o f bath temperature, neurons were classified as either warmsensitive or temperature-insensitive.

Slices were then treated with melatonin (1 pM)

while temperature was held constant. Both cell types (30% o f warm-sensitive neurons
and 41% o f temperature-insensitive neurons) showed significant changes in firing rate in
response to melatonin.

As predicted, a greater proportion o f warm-sensitive neurons

increased firing rate during melatonin treatment, while temperature-insensitive neurons
tended to show a decrease in firing rate. This trend was not statistically significant over
the entire population, but certain subregions within the PO/AH might warrant further
investigation.
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Introduction
Nearly all animals have evolved biological rhythms to cope with the cyclic
variation in environmental conditions imposed by the earth’s rotation and tilt.
Endotherms in particular must face considerable energetic demands to maintain a stable,
elevated body temperature

(T b )

despite daily and seasonal fluctuations in ambient

temperature. Most mammals exhibit a prominent circadian rhythm in Tb (Refinetti and
Menaker, 1992), but whether this represents an adaptive strategy (i.e., to minimize
energetic costs during periods o f inactivity) is controversial. More likely to confer a
selective advantage are the seasonal temperature rhythms seen in many smaller
mammals, especially rodents. These may include a reduction in mean Tb during the
winter months, as well as increased nest building behavior, spontaneous daily torpor,
seasonal molt, and hibernation (Heldmaier et al., 1989; Saarela and Reiter, 1994; Sullivan
and Lynch, 1986). Like most seasonal adaptations (e.g., seasonal reproduction), these
thermoregulatory adjustments depend on the photoperiod signal carried by the pineal
hormone melatonin.
When placed in a short photoperiod, Djungarian hamsters (Phodopus sungorus)
and deer mice (.Peromyscus maniculatus) show a decrease in mean core body temperature
(T b )

o f 0.5 to 0.9°C (Heldmaier et al., 1989; Andrews and Belknap, 1986), and melatonin

implants enhance this effect (Andrews and Belknap, 1986). Moreover, melatonin
increases the frequency o f spontaneous daily torpor in these two species, as well as in
white-footed mice (Peromyscus leucopus; Lynch et al., 1978,1980). Melatonin can also
produce changes in Tb on a shorter time scale, and might play a role in the circadian
rhythm o f Tb (Cagnacci, 1997). Most evidence implicates the SCN in the generation of

the Tb rhythm (Refmetti and Menaker, 1992), but Cagnacci and colleagues (1992, 1997)
have shown that melatonin modulates the amplitude o f the Tb rhythm, and is responsible
for at least 40% o f the nocturnal decline in Tb in humans. Other studies have
demonstrated mild hypothermic effects o f melatonin that are independent o f circadian
rhythm, both in humans (Satoh and Mishima, 2001; Strassman et al., 1991) and other
vertebrates (for reviews see Heldmaier and Lynch, 1986; Saarela and Reiter, 1994;
Varghese and Pati, 1996).
Depending on the organism and the specific conditions, melatonin may alter Tb
through a variety o f mechansisms, or by several mechanisms simultaneously. Peripheral
sites o f action have been suggested (Prunet-Marcassus et al., 2001; Viswanathan et al.,
1990; Delagrange and Jockers, 2003), but the primary site is thought to be the central
thermostat located in the preoptic area and anterior hypothalamus (PO/AH; Saarela and
Reiter, 1994; Andrews and Belknap, 1985; Heldmaier et al., 1989; Cagnacci et al., 1997).
This region integrates local thermal information with input from cutaneous and deep
body thermoreceptors to establish and defend a set-point o f Tb (Boulant, 1998). A wellsupported model o f hypothalamic temperature regulation involves the activity o f two
major types o f neurons within the PO/AH: warm-sensitive neurons that fire in proportion
to local and peripheral temperature, and temperature-insensitive neurons that do not
respond to temperature (Hammel, 1965; Boulant, 1998, Griffin et al., 2001). These two
populations o f neurons are thought to provide antagonistic synaptic input to heat-loss and
heat-production effector circuits, such that a thermal challenge will trigger the
appropriate autonomic and behavioral responses to maintain the set-point (see Chapter I,
Figure 1.3). This model also suggests that an exogenous or endogenous substance can
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shift the set-point by preferentially exciting or inhibiting the activity o f either population
o f cells (Boulant, 1991, 1998).
The goal o f the present study was to determine if melatonin can adjust the setpoint o f body temperature through a direct action on neural firing in the PO/AH. Since
many reports have demonstrated a hypothermic effect of the hormone (Heldmaier et al.,
1989; Varghese and Pati, 1996; Myers, 1995), we predicted that melatonin would excite
warm-sensitive neurons and/or inhibit temperature-insensitive neurons, which should
result in a decrease in the Tb set-point. To test this hypothesis, we conducted
extracellular, single-unit recordings from PO/AH neurons in tissue slices from P.
leucopus. This species is known to have robust photoperiodic responses, and to express
melatonin receptors in the PO/AH (Weaver et al., 1990; Heideman et al., 1999a).

Additional Methods
Data analysis
For each neuron, thermosensitivity was determined by a linear regression o f firing
rate as a function o f temperature over a range o f at least 2.5°C. A regression coefficient
I
(m) o f at least 0.8 impulses-°C -s was required to classify a neuron as warm-sensitive
(Boulant, 1981; Griffin et al., 2001; Ranels and Griffin, 2003); all other neurons were
classified as temperature-insensitive. The dependence o f melatonin response on
thermosensitivity class was evaluated with a two-tailed Fisher’s Exact test.
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Results
Neuronal thermosensitivity and firing rate activity
No substantial differences were found in neuronal thermo sensitivity or melatonin
responses between SD and LD animals (see Chapter II), so data from both groups were
pooled for all analyses. O f 96 recorded neurons, 37 (38.5%) were warm-sensitive and 59
(61.5%) were temperature-insensitive. Mean baseline firing rate was 7.27 ± 0.75 (SEM)
impulses-s'1 for warm-sensitive neurons and 3.71 ± 0.33 im pulsess'1 for temperatureinsensitive neurons. Thermosensitivity coefficient ranged from 0.80 to 5.75 impulses s'1
•°C'1 for warm-sensitive neurons, and -0.35 to 0.74 impulses*s’1-°C’1 for temperatureinsensitive neurons.

Responses to melatonin
Eleven warm-sensitive neurons responded to melatonin, with eight showing an
increase and three a decrease in firing rate (Table III. 1). Figure III.l shows an example
o f a warm-sensitive neuron that increased in firing rate from 2.92 ± 0 .1 0 (SEM) to 4.98 ±
0.14 impulses s’1(P < 0.00001) during melatonin treatment. This response occurred 2-3
min into the treatment period and lasted for 14 min after melatonin perfusion was
stopped.
In contrast, temperature-insensitive neurons more often showed a decrease in
firing rate in response to melatonin. O f twenty-four temperature-insensitive neurons that
responded to melatonin, nine showed an increase and fifteen a decrease in firing rate
(Table III.l). The neuron depicted in Figure III.2 maintained a stable firing rate during
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Figure III.l. Warm-sensitive neuron with an increase in firing rate in response to melatonin.
A: Firing rate during changes in temperature and perfusion with melatonin.
B: Firing rate plotted as a function o f temperature (m = thermosensitivity coefficient)
C: Mean firing rates ± SEM during 1-minute segments just before melatonin treatment
(Baseline), during the peak o f the response (Mel), and after recovery (Washout).
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Figure III.2. Temperature-insensitive neuron with a decrease in firing rate in response to
melatonin. A-C: same conventions as Fig. III.l.
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the temperature adjustment, but was strongly inhibited by melatonin, decreasing from
6.46 ± 0.12 to 0.56 ± 0.13 impulses-s'1 (P < 0.00001).
The data shown in Table III.l reveals a tendency for warm-sensitive neurons to
increase firing rate and temperature-insensitive neurons to decrease firing rate in response
to melatonin. However, a Fisher’s Exact test on the relationship between
thermosensitivity classification and melatonin response (2x2 contingency table) revealed
this trend to be nonsignificant (P = 0.075).

Table III.l. Effects of melatonin on the firing rates of warm-sensitive and
temperature-insensitive PO/AH neurons.

Classification

,

N

______ Responses to melatonin_____
No response to
Increase in
Decrease in
melatonin
______firing rate_____ Firing rate________

Warm-sensitive

37

26

8 (73%)

3 (27%)

Temperature-insensitive

59

35

9(37% )

15(63%)

Fisher’s Exact Test: P = 0.075

The statistical power o f this comparison cannot easily be determined, as we had
no a priori estimate o f effect size (i.e., it is not known what proportion of each type of
neuron should increase or decrease firing rate, if our hypothesis is true). Using an effect
size based on a recent study o f similar design (Ranels and Griffin, 2003), the power of the
Fisher’s Exact test was 0.72, indicating that we may not have had sufficient sample size
to detect a significant effect. Also, the previous study investigated neuronal responses to
prostaglandin E2 , which has a much stronger acute effect on body temperature than
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melatonin. If we expect a smaller effect size with melatonin, an even larger sample size
would be needed to provide certainty to any negative result.
Neuron location and the thermosensitivity-melatonin interaction
Recorded neurons were distributed throughout the rostrocaudal and dorsoventral
extent o f the PO/AH (see Chapter II, Fig. II.2). There was no apparent pattern to the
distribution o f neurons, either with respect to melatonin response or thermosensitivity.
However, there was a stronger tendency for melatonin to excite warm-sensitive neurons
and inhibit temperature-insensitive neurons in certain subregions o f the PO/AH (Table
III.2). These included more posterior and dorsolateral areas, here designated AHA and
BNST/StHy (See Chapter II). We should note that any conclusions from this result
should be rendered with caution; sample sizes for the two subregions were very small,
and statistical tests (not performed) would require correcting for multiple comparisons.

Table III.2. Effects of melatonin on the firing rates of warm-sensitive and
temperature-insensitive neurons in the AHA and BNST/StHy.
Neuron location and
classification____________ N

No response
to melatonin

Responses to melatonin
Increase in
Decrease in
firing rate
firing rate

AHA
Warm-sensitive

7

4 (57%)

3 (43%)

0 (0%)

Temperature-insensitive

14

8 (57%)

1 (7%)

5 (36%)

Warm-sensitive

5

3 (60%)

2 (40%)

0 (0%)

Temperature-insensitive

12

7 (58%)

0 (0%)

5 (42%)

BNST/StHy

Discussion
Melatonin is an important mediator of seasonal and circadian thermoregulatory
adjustments in many species (Heldmaier and Lynch, 1986; Heldmaier et al., 1989;
Cagnacci et al., 1992), and it has been suggested that the hormone acts directly on the
thermoregulatory control center in the PO/AH (Saarela and Reiter, 1994; Cagnacci et al.,
1997, Andrews and Belknap, 1985). Our hypothesis was that melatonin shifts the Tb setpoint downward by exciting warm-sensitive PO/AH neurons and/or inhibiting
temperature-insensitive neurons. According to a well-established neuronal model of
temperature regulation (Hammel, 1965), these two classes o f neurons provide
antagonistic synaptic input to separate populations of effector neurons that control
autonomic and behavioral thermoregulatory responses. The model predicts that an
excitation o f warm-sensitive neurons or inhibition of temperature-insensitive neurons
would trigger heat-loss mechanisms and suppress heat production, thereby shifting the
set-point downward and causing hypothermia (Boulant, 1991). We tested whether
melatonin could accomplish such a shift, by recording single-unit activity in a white
footed mouse tissue-slice preparation.
The results for all neurons recorded in this study show a modest but
nonsignificant trend in support o f the hypothesis. Of 11 warm-sensitive neurons that
responded to 1 pM melatonin, 8 (73%) showed a significant increase in firing rate, while
3 (27%) showed a decrease in firing rate. Twenty-four temperature-insensitive neurons
responded to melatonin, with 9 (37%) showing an increase and 15 (63%) a decrease in
firing rate (Table III.2). Power analysis revealed that our test had at best a 72% chance of
detecting a significant trend if one existed, but a more conservative estimate o f effect size
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would entail an even lower power. Nevertheless, the trend was apparently stronger
within particular anatomical subregions o f the PO/AH, namely the anterior hypothalamic
area (AHA) and the medial/posterolateral portion o f the bed nucleus o f the stria
terminalis, and nearby striohypothalamic nucleus (BNST/StHy). In these two subregions,
located near the caudal and dorsal limits o f our study area, a total of 10 temperatureinsensitive neurons were inhibited by melatonin, compared with just 1 that was excited.
All 5 warm-sensitive neurons from these areas that responded to melatonin showed an
increase in firing rate (Table 4, Figures 3 and 4). This may indicate a localized response
to melatonin that is important for the regulation o f Tb, but again, the relatively small
samples sizes necessitate further study.
The role o f the pineal in vertebrate thermoregulation has been studied for decades
(reviewed by Heldmaier and Lynch, 1986; Ralph et al., 1979). Treatment with melatonin
or short photoperiod triggers hypothermia or cold acclimation in many species o f
mammals, birds, and reptiles (Varghese and Pati, 1996; Heldmaier and Lynch, 1986). In
humans, melatonin administration has been almost universally shown to induce
hypothermia (Myers, 1995), an effect often associated with the hormone’s hypnotic
properties (Holmes et al., 2002). Most human studies, however, use doses o f melatonin
that produce blood concentrations much greater than the physiological range, inviting the
criticism that endogenous melatonin is not likely to be involved in temperature
regulation. Nevertheless, Cagnacci and colleages (1997) have argued that a physiological
action o f the hormone is still probable, since a large dose o f melatonin administered
peripherally may be required to achieve physiological concentrations in the brain and
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cerebrospinal fluid. The authors also cite the consistent, reproducible hypothermic effect
(0.3-0.4°C) as evidence for a direct action on the PO/AH (Cagnacci et al., 1997).
Small mammals are particularly sensitive to the changes in temperature that
accompany the seasons. To survive harsh winter conditions, most temperate zone rodents
have evolved seasonal thermoregulatory adaptations that are dependent on melatonin.
Andrews and Belknap (1985) found that deer mice (Peromyscus maniculatus) housed in
short photoperiod (light:dark 10h:14h) showed a decrease in Tb o f about 0.6-0.9°C
compared with mice in long photoperiod (14h:10h). Melatonin implants enhanced this
effect, decreasing Tb by 0.3 to 0.6°C independent of photoperiod (Andrews and Belknap,
1986). This mild hypothermia may be part o f a strategy to conserve energy, and the
authors speculate the effect is mediated by melatonin acting at the level o f the PO/AH
(Andrews and Belknap, 1985). Other forms o f cold acclimation have been demonstrated
in response to melatonin or short photoperiod, including a greater incidence o f daily
torpor in Siberian hamsters (Phodopus sungorus\ Heldmaier et al., 1989), deer mice
(Andrews and Belknap, 1993), and white-footed mice (Lynch et al., 1978, 1980; Heath &
Lynch, 1981). Mice with melatonin-beeswax pellets implanted in the anterior
hypothalamus displayed an increase in interscapular brown adipose tissue (BAT) mass,
and increased nesting behavior (Glass and Lynch, 1982), further implicating this region
in seasonal temperature regulation.
Many o f these responses are likely to require the involvement of multiple neural
and endocrine systems over a period o f days or weeks. It is perhaps not surprising, then,
that we did not find clear evidence for an acute effect o f melatonin on the set-point of
body temperature. Longer-term changes in the activity o f preoptic neurons may be
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important in the regulation o f seasonal responses like torpor, but detecting them in studies
o f this nature may be impossible due to the limitations o f the tissue slice recording
technique. It is also possible that the effects of melatonin on Tb are not produced by
altering the hypothalamic set-point, but instead are mediated by a direct or indirect action
o f the hormone on other structures, such as the thyroid gland, BAT, or vasculature.
Melatonin can regulate TSH release from the pars tuberalis o f the pituitary (Sakamoto et
al., 2000), and a thyroid-mediated metabolic adjustment is thought to underlie the
melatonin-induced hyperthermia in rats (Padmavathamma and Joshi, 1994). Binding
sites for melatonin have been observed in BAT, and a recent RT-PCR experiment
revealed differential mitochondrial gene expression following treatment o f brown
adipocytes with melatonin (Prunet-Marcassus et al., 2001). Also, numerous studies have
found an effect o f melatonin on vasomotor tone (Geary et al., 1997; Masana et al., 2002),
and melatonin receptors are prevalent in arterial beds involved in thermoregulation
(Viswanathan et al., 1990).
The above studies notwithstanding, the mechanisms underlying the
thermoregulatory effects o f melatonin remain unknown. Complicating the situation is the
fact that melatonin can directly alter SCN-driven circadian rhythms, including the rhythm
in body temperature. Circadian regulation of Tb is thought to be distinct from the
evolutionarily newer homeostatic system (Refinetti, 1998), and some effects o f melatonin
on Tb (e.g., Cagnacci, 1997) could be mediated by the SCN, which contains abundant
melatonin receptors. Nevertheless, our results are suggestive o f a direct action on
thermoregulatory neurons in the rostral hypothalamus that may be localized to dorsal and
caudal portions o f the PO/AH. Additional experiments are needed to verify this localized
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response, and also to explore further the effects o f melatonin on Tb in intact P. leucopus
and other photoperiodic species. These studies may help clarify the role o f this
fascinating hormone in the complex interaction between circadian and homeostatic
systems.
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CHAPTER IV
Effects o f melatonin on anterior hypothalamic neurons in
photoresponsive and non-photoresponsive white-footed mice

Abstract
Many temperate-zone mammals use photoperiod cues, transduced by melatonin, to
regulate seasonal changes in energetically demanding functions.

The most common

seasonal response to photoperiod, reproductive quiescence, varies greatly between and
within populations, but the extent to which this variation in photoresponsiveness
generalizes to non-reproductive traits is not well known. We examined whether selected
lines o f reproductively photoresponsive and non-photoresponsive white-footed mice
(Peromyscus leucopus) differ in the responses of thermosensitive and temperatureinsensitive neurons in the preoptic area and anterior hypothalamus (PO/AH) to melatonin.
At least some o f these neurons are likely involved in the homeostatic control o f body
temperature, an attribute that varies over seasonal cycles.

Using a tissue slice

preparation, extracellular recordings were made of spontaneous firing rate activity during
changes in temperature and perfusion with melatonin (1 pM).

Small, non-significant

differences were found in the proportion o f neurons showing a significant change in
firing rate in response to melatonin, and in the mean percent change in firing rate during
melatonin treatment.

In photoresponsive mice, melatonin tended to excite warm-

sensitive neurons and inhibit temperature-insensitive neurons, while no such trend existed
for non-photoresponsive mice. More data are needed to clarify these results, but they
suggest that mice known to differ genetically in the reproductive response to photoperiod
might also differ in their neuronal responses to melatonin and temperature.
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Introduction
Seasonal adjustments in behavioral and physiological traits often exhibit a large
degree o f individual variation (Bronson and Heideman, 1994; Blank, 1992). Studying the
source o f this variation is important to our understanding o f the evolution o f complex
neuroendocrine systems, as well as the proximate mechanisms that underlie seasonality.
Most seasonal responses depend on photoperiod as the primary cue, as the length of day
is the most reliable predictor o f seasonally variable environmental conditions (Bronson
and Heideman, 1994). In mammals, retinal light information is passed to the brain’s
primary circadian oscillator, located in the suprachiasmatic nucleus (SCN) o f the
hypothalamus. The SCN regulates a number of circadian rhythms (Gillette and Tischkau
1999), including secretion o f the pineal hormone melatonin during the dark phase o f the
light-dark cycle (Goldman, 2001). The duration of melatonin secretion is thus inversely
related to photoperiod, and can be used as an endocrine signal for changes in season.
Melatonin may act on central and/or peripheral tissues to regulate a host o f adaptive
responses to seasonal environmental change (Prendergast et al., 2002).
The most common and well-studied seasonal response is the suppression of
reproduction in short photoperiod, presumably to conserve energy during harsh winter
conditions (Bronson and Heideman, 1994). Reproductive photoresponsiveness is highly
variable in many rodent species (Desjardins et al., 1986; Heideman and Bronson, 1991;
Spears and Clarke, 1998), with individuals ranging from a complete suppression o f the
reproductive system in short days, to a complete lack o f response to photoperiod
(reviewed by Prendergast et al., 2001). This variation may be attributed to the function of
several different components in the neuroendocrine pathway that controls
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photoresponsiveness (see Chapter I, Fig. 1.1), one o f which is likely to be the density
and/or affinity o f melatonin binding sites in the hypothalamus (Heideman et al., 1999a).
Aside from seasonal breeding, photoperiod is known to affect traits such as body
weight, immune function (Nelson and Demas, 1997), and thermoregulation (Heldmaier
and Lynch, 1986). Maintenance o f a high body temperature

(T b )

in mammals requires a

substantial portion o f their energy budget, and seasonal adaptations in temperature
regulation may be particularly important for small mammals in which the amount of heat
loss to the environment is high. Several species o f rodents exhibit seasonal
thermoregulatory changes, including increased brown adipose tissue (BAT)
thermogenesis, nesting behavior, mild hypothermia, and torpor (for reviews see
Heldmaier and Lynch, 1986; Saarela and Reiter, 1994; Varghese and Pati, 1996). Deer
mice (.Peromyscus maniculatus; Andrews and Belknap, 1985, 1986) and Djungarian
hamsters (Phodopus sungorus; Heldmaier et al., 1989) can lower their mean Tb by 0.5 to
0.9°C when placed in short photoperiod, and melatonin implants reduce Tb by an
additional 0.3 to 0.6°C (Andrews and Belknap, 1986). This hypothermic response may
be aimed at reducing heat loss, a strategy that is further exemplified by the phenomenon
o f daily torpor. Treatment with melatonin or short photoperiod increases the frequency
o f spontaneous daily torpor in hamsters (Heldmaier et al., 1989), deer mice (Blank and
Desjardins, 1986), and white-footed mice (Peromyscus leucopus; Lynch et al., 1978;
Heath & Lynch, 1981), and pinealectomy reduces torpor frequency (Lynch et al., 1980).
The mechanisms involved in the thermoregulatory responses to photoperiod are
poorly understood. More generally, it is unknown whether variation in the
neuroendocrine control o f photoresponsiveness is manifested in non-reproductive
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functions (but see Wichman and Lynch, 1991). We addressed this question by recording
electrophysiological responses to temperature and melatonin in P. leucopus. A number
o f authors have speculated that melatonin alters Tb by acting directly on the
thermoregulatory control center in the preoptic area and anterior hypothalamus (PO/AH;
Saarela and Reiter, 1994; Heldmaier et al., 1989; Cagnacci et al., 1997; Andrews and
Belknap, 1985). This region controls a variety o f heat-loss and heat-production
mechanisms in order to maintain a set-point o f Tb (Boulant, 1991). The PO/AH contains
neurons that are sensitive to local and peripheral temperature, as well as neurons that are
insensitive to temperature. The interplay between warm-sensitive and temperatureinsensitive neurons is thought to be the basis for determining the set-point (Hammel,
1965), and certain substances can adjust the set-point by differentially activating or
inhibiting these two populations o f neurons (Boulant, 1998; Ranels and Griffin, 2003).
For instance, a down-shift o f the set-point could be triggered by excitation o f warmsensitive neurons and/or inhibition o f temperature-insensitive neurons.
If melatonin exerts a hypothermic effect by altering the firing rates o f PO/AH
neurons, then the relationship between melatonin sensitivity and temperature sensitivity
can be a measure o f the thermoregulatory response to photoperiod. Thus, our hypothesis
was that the correlation between responses to melatonin and neuronal thermosensitivity
would differ between lines o f mice that have been selected for their reproductive
response to photoperiod (Heideman et al., 19996). Specifically, the excitation-inhibition
trend described above should be stronger in mice from the photoresponsive line than in
mice from the non-photoresponsive line.
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A secondary objective was to compare firing rate responses between
photoresponsive and non-photoresponsive mice without respect to neuronal
thermosensitivity. Heideman and colleagues (1999a) found that the two lines o f mice
differed in the amount o f 2-[125I]iodomelatonin (I-MEL) binding in the medial preoptic
area (MPOA) and bed nucleus o f the stria terminalis (BNST), suggesting that variation in
photoresponsiveness is partly caused by differences in melatonin receptor density or
affinity in these areas. A correlation between photoresponsiveness and the occurrence or
amplitude o f electrophysiological responses to melatonin would further support this
hypothesis.

Additional Methods
Animals
All mice were taken from the F6 to F9 generations o f either a reproductively
photoresponsive line (RM; N = 29) or a non-photoresponsive line (NRM; N = 35). These
lines were generated by selecting for reproductive responsiveness to short photoperiod,
determined by testis/ovary size, uterine diameter, and presence or absence o f visible
follicles and corpora lutea (Heideman et al., 19996). For the present study, reproductive
status was assessed during ovariectomy in a subset o f animals from both lines. This
confirmed that the great majority o f RM in SD were reproductively inhibited, whereas
most NRM were reproductively well-developed.
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Data analysis
The dependence o f melatonin response on temperature sensitivity within each line
o f mice was evaluated with a two-tailed Fisher’s Exact test, as was the relationship
between mouse line and the number o f responses to melatonin without regard to
thermosensitivity. Response magnitudes (absolute values o f percent change in firing
rate) were found to violate the assumption o f normality (Kolmogorov-Smirnov test for
normality), so we used the non-parametric Mann-Whitney U test to compare these values
between RM and NRM.

Results
Firing rate activity and responses to melatonin
Forty-six neurons were recorded from RM and 50 from NRM. Mean baseline
firing rate (± SEM) did not differ between RM (4.97 ± 0.54 impulses-s"1) and NRM (5.18
± 0.57 impulses*s‘l; t-test: P = 0.79). A greater percentage o f neurons from NRM (40%)
responded to melatonin with a significant change in firing rate compared with neurons
from RM (33%), but this difference was not significant (Fisher’s Exact test: P = 0.53;
Table IV. 1). Neurons from NRM also displayed a modest, nonsignificant trend toward
greater mean percent change in firing rate (absolute value) in response to melatonin,
compared with RM neurons (Fig. IV. 1; 50.8 ± 16.1% for NRM vs. 2 4 .4 ± 5.8% for RM;
Mann-Whitney U test: P = 0.53). The high standard errors for percent change in firing
rate in NRM were primarily due to three outliers, which showed increases in firing rate of
589%, 434%, and 387%. In contrast, the three highest percent change values in RM were
170%, 151%, and 126%.
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Table IV. 1. Effects of melatonin on the firing rates of neurons from
photoresponsive and non-photoresponsive mice.

N

Significant
change in
firing rate

Increase in
firing rate

Decrease in
firing rate

Photoresponsive (RM)

46

15(33%)

7 (15%)

8(17%)

Non-photoresponsive (NRM)

50

20 (40%)

10 (20%)

10(20%)

Mouse line

Fisher’s Exact Test: P = 0.53

m

<P*0J3)

Selected fines

RM

Figure IV .l. Mean percent change in firing rate (absolute values) in response to
melatonin in non-photoresponsive (NRM) and photoresponsive mice (RM).
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A similar trend was observed when restricting the analysis to cells recorded from'
the MPOA and BNST/StHy (see Chapter II for details regarding anatomical localization).
Neurons from NRM in these two regions showed a slightly greater sensitivity to
melatonin, both in the percentage o f neurons showing a significant response (38% for
NRM vs. 26% for RM) and in the mean percent change in firing rate (48.9 ± 20.7% for
NRM vs. 16.1 ± 4.1% for RM). Both comparisons, however, remained nonsignificant
(P = 0.41 and 0.44, respectively).

Correlation with thermosensitivity
Within RM, warm-sensitive neurons tended to respond to melatonin with an
increase in firing rate, while temperature-insensitive neurons more often responded with a
decrease in firing rate (P = 0.041; Table IV.2). Within NRM, no such trend was seen (P
= 1.00). However, a correction for multiple comparisons would render the P value for
RM nonsignificant (i.e., simple Bonferroni correction for 2 comparisons: a = 0.05 12 =
0.025).
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Table IV.2. Effects of melatonin on the firing rates of warm-sensitive and
temperature-insensitive neurons from photoresponsive (RM) and nonphotoresponsive mice (NRM).
Responses to melatonin
Decrease in
Mouse line and neuronal
No response to
Increase in
firing rate
melatonin
firing rate
classification
N
RM
Warm-sensitive

21

15

5 (83%)

1 (17%)

Temperature-insensitive

25

16

2 (22%)

7 (78%)

NRM
Warm-sensitive
Temperature-insensitive

16
34

11
19

3 (60%)
7 (47%)

2 (40%)
8 (53%)

Fisher’s Exact Test: P = 0.04 for RM and 1.00 for NRM

Discussion
The present study tested the hypothesis that reproductively photoresponsive (RM)
and non-photoresponsive (NRM) white-footed mice would differ in the relationship
between neuronal thermosensitivity and responses to melatonin. Populations o f white
footed mice can show extensive individual variation in reproductive responsiveness to
photoperiod (Heideman and Bronson, 1991; Heideman et al., 19996), and it is possible
that photoresponsiveness generalizes to non-reproductive functions, including
thermoregulation. In other words, the neuroendocrine subtrate o f the observed
phenotypic variation may be sufficiently early in the pathway such that variation is not
specific to the reproductive system. We approached this question by comparing neuronal
responses to temperature and melatonin in two selected lines o f mice, using a tissue-slice
recording method.
The first prediction was that melatonin would tend to excite warm-sensitive
neurons and inhibit temperature-insensitive neurons in RM, and that this trend would be
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weaker or nonexistent in NRM. This is based on the assumption that such a trend is
indicative o f a ‘thermoregulatory responsiveness’ to photoperiod. We found that indeed
RM and not NRM showed the predicted correlation (Table IV.2), but the effect was
modest and would be considered nonsignificant when correcting for multiple
comparisons. Future experiments with larger sample sizes are needed to confirm this
result.
We were also interested in comparing responses to melatonin in the two lines of
mice without regard to thermosensitivity. Any differences between lines would imply
that neuronal sensitivity to melatonin is a possible neural basis for the individual
variation in photoresponsiveness, as well as supporting a role for the PO/AH in the
reproductive response to photoperiod. Using our entire data set, we found small,
nonsignificant differences in the number o f melatonin-sensitive neurons and the mean
response amplitude between RM and NRM, with NRM showing greater sensitivity to
melatonin. This result seems counter-intuitive, but is consistent with a previous study
from our laboratory (Heideman et al., 1999a) which found greater 2-[125I]iodomelatonin
binding in NRM.
The difference between lines reported by Heideman and colleagues (1999a) was
restricted to the MPOA and BNST, so we analyzed these two regions separately. Despite
nearly two-fold greater I-MEL binding in NRM (Heideman et al., 1999a), we did not find
significant differences in either the occurrence or mean amplitude o f responses to
melatonin in these two areas. This could be due insufficient sample size or a lack of
systematic sampling throughout the MPOA and BNST. Moreover, our recording sites
may not have been precisely matched with the specific areas that showed differences in I-
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MEL binding in the previous study. For instance, the portion o f the BN ST examined in
the previous study was designated the postero-medial portion o f the posterior division,
whereas most o f our BNST/StHy neurons were located in the medial portion o f the
posterolateral division.
Very few studies have examined whether genetic variation in
photoresponsiveness applies to non-reproductive functions. Northern (Connecticut, CT)
and southern (Georgia, GA) populations o f white-footed mice differ in several nonreproductive traits, and Wichman and Lynch (1991) reported that nest size and winter
molt showed non-Mendelian inheritance when mice from these two populations were
crossed. However, these traits were induced by a combination o f short photoperiod and
cold temperature, and thus may not depend solely on differential responsiveness to the
melatonin signal. In fact, Weaver and colleagues (1990) found that while CT and GA
mice show large differences in reproductive photoresponsiveness, they do not differ in
the location or amount o f I-MEL binding. This result conflicts with the study by
Heideman et al. (1999a), but Weaver et al. (1990) tested only 4 mice from each
population, and differences may have been obscured by the presence o f some nonphotoresponsive CT mice in their sample. In our study, we found only small differences
between lines in the number and amplitude o f responses to melatonin. However, a clear
correlation between neuronal thermosensitivity and excitation/inhibition by melatonin
was seen in RM, but not NRM. This could represent a functional difference between
lines in the thermoregulatory response to photoperiod. Ongoing and future studies may
test whether intact RM show stronger hypothermic responses to short photoperiod or
melatonin treatment than NRM, placing the current results in a firmer context.
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In summary, our data are inconclusive with regard to the neurophysiological basis
for variation in photoresponsiveness. Although years o f study have been devoted to
melatonin and its sites o f action; the neural mechanisms o f seasonal reproduction itself
remain surprisingly mysterious. Seasonality in thermoregulatory function is a
particularly neglected subject, but we have shown for the first time that many
hypothalamic neurons likely to be involved in thermoregulation are sensitive to
melatonin. Similar recording techniques may be valuable in future studies probing for
the sources o f individual neuroendocrine variation, as well as looking to understand how
this single hormone can induce such a broad array o f seasonal adaptations.
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